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The crystal structure of reduced tryparedoxin peroxidase shows Cys47 close to Gln82 and Trp137 and
helix formation of residues 87 to 97 whereas the NMR structure of the reduced C76Smutant adopts a
different conformation similar to the oxidized protein. Circular dichroism (CD), ﬂuorescence and
NMR spectroscopy reveal that the fully active C76S mutant differs from the wildtype (WT) enzyme
mainly in its reduced form both in secondary structure content and Trp137 environment. This
implies that Cys76 plays a critical role for the reduced enzyme assuming different conformational
states and that the catalytic triad may only be necessary as short-lived intermediate during catalysis.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction sults in a mutant with wildtype (WT) activity [3]. Similarly,Trypanosoma brucei, the causative agent of African sleeping
sickness, encodes three nearly identical genes for two cytosolic
(Px I and Px II) and a mitochondrial (Px III) form of glutathione per-
oxidase-type enzymes, which functionally act as tryparedoxin per-
oxidases (for recent reviews see [1,2]). In the ﬁrst half reaction of
catalysis, the enzyme with Cys47 and Cys95 in the dithiol state re-
acts with the hydroperoxide substrate generating the oxidized per-
oxidase with an intramolecular disulﬁde. The second half reaction
describes the interaction with tryparedoxin and thus regeneration
of the reduced enzyme [3]. In addition to the redox active dithiol/
disulﬁde couple, T. brucei Px III contains Cys76. A cysteine at this
position is highly conserved throughout the glutathione peroxi-
dase protein family independent of the nature of the active site res-
idue being selenocysteine or cysteine. However, the functional role
of the residue is not clear. In enzymes from Chinese cabbage and
Drosophila melanogaster, replacement of the cysteine by a serine
[4,5] or alanine [5] residue, lowers the peroxidase activity by 30–
70%. Substitution of Cys76 by a serine residue in T. brucei Px III re-chemical Societies. Published by E
one peroxidase-type trypare-
; WT, wildtype
(C. Muhle-Goll), +49 6221
hle-Goll), luise.krauth-siegelreplacement of the cysteine by Gly or Ser did not signiﬁcantly per-
turb the catalytic activity of T. cruzi Px I [6]. Comparison of more
than 400 sequences revealed that nearly 10% of the glutathione
peroxidases possess a genuine serine or alanine at this position [7].
Recently we have reported on the crystal structure of the oxi-
dized C76S mutant of T. brucei Px III as well as on the NMR struc-
tures of the oxidized and reduced protein species [8]. In parallel,
the crystal structure of reduced WT Px II has been published [9].
The NMR structure of reduced C76S Px III showed a high overall
similarity to that of the oxidized protein. No major conformational
rearrangements were observed that would allow formation of a
catalytic triad between Cys47, Gln82 and Trp137. In contrast, the
structure of the reduced WT Px II revealed the presence of the cat-
alytic triad as well as a newly formed helix from Glu87 to Lys97
[9]. In order to unravel these discrepancies we followed the reduc-
tion of WT and C76S Px III by circular dichroism (CD), tryptophan
ﬂuorescence, and NMR spectroscopy.
2. Materials and methods
2.1. Expression and puriﬁcation of the Px III species
Recombinant WT and C76S Px III (without mitochondrial signal
sequence) were prepared as previously described for the mutant
[8]. The concentration of the stock solution was determined bylsevier B.V. All rights reserved.
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cient of 17 545 M1cm1 which perfectly agrees with the experi-
mental data showing that a 1 mg/ml solution of Px III
corresponds to a DA280 nm of 1.0 [10]. For selective labeling with
15N-tryptophan, the M9 minimal medium was supplemented with
all unlabeled amino acids apart from tryptophan. To avoid scram-
bling, a two-fold additional excess of unlabeled amino acids was
added at the moment of induction, and the 15N-tryptophan was
added 10 min later [11]. The bacterial cell pellet was harvested
1.5 h after induction.
2.2. CD spectroscopy
CD spectra were recorded at 20 C on a Jasco J-810 spectropolar-
imeter (Jasco Co., Tokyo, Japan) in a cuvette with 1 mm path length
and a water-thermostated cell holder. The protein (15 lM) was
dissolved in 20 mM potassium phosphate, pH 6.8, 100 mM NaF.
After recording the spectrum of the oxidized proteins, DTT was
added to a ﬁnal concentration of 1 mM and spectra were recorded
at the time points indicated. The spectra are an average of three
scans at a scan rate of 10 nmmin1, 8 s response time and 1 nm
band width and smoothened by the adaptive smoothing method,
which is part of the Jasco Spectra Analysis software. The buffer
spectrum was subtracted. Reproducibility was conﬁrmed by using
three different protein batches for each Px III variant and acquiring
at least two spectra series for both Px III variants.
2.3. Fluorescence spectroscopy
Tryptophan ﬂuorescence spectra were acquired at room tem-
perature in a 1 cm cuvette on a Perkin Elmer LS 50B spectrometer.
The proteins were dissolved at a concentration of 13 lM in the buf-
fer used for the CD experiments, but NaF was exchanged against
100 mM NaCl. Fluorescence was excited at 290 nm and the emis-
sion was recorded from 300 to 450 nm. After the addition of
1 mM DTT (ﬁnal concentration) spectra were recorded at different
time intervals. The buffer spectrum was subtracted. Reproducibil-Fig. 1. Stereo view of partial structures of (A) reduced WT Px II (2VUP) [9] and (B) reduc
Cys39/Cys47, Cys87/Cys95, Cys68/Ser76, Gln74/Gln82, Trp129/Trp137 and Asn130/As
coloured in red and b-sheets in blue. The additional a-helix 87–97 harbouring Cys95 isity was conﬁrmed by using two different protein batches for each
Px III variant and acquiring at least two spectra series for each.
2.4. NMR spectroscopy
1H15N-HSQC spectra were acquired at 25 C on a Bruker Avance
II 600 spectrometer equipped with a broadband triple resonance
probe head with 128 scans per increment and a total of 128 incre-
ments in the indirect dimension. Both proteins were measured in
50 mM potassium phosphate, 100 mM NaCl, pH 6.8 at a concentra-
tion of 230 lM. To analyze the putative two conformations of the
reduced enzyme species, the NMR samples were treated with
50 mM DTT. The spectra of the proteins with selectively labeled
15N-tryptophan were acquired at a protein concentration of
130 lM. Data were processed and analysed with TOPSPIN software
(Bruker Biospin, Karlsruhe).
3. Results
3.1. Comparison of the NMR structure of reduced C76S Px III with the
crystal structure of reduced WT Px II
Superposition of the structures of reduced C76S Px III (2RM6)
[8] and WT enzyme (2VUP) [9] yielded a root mean square devia-
tion (RmsD) of 4.3 Å over the backbone atoms. If the regions
Ser45(Ser37) to Cys47(Cys39), Asn77(Asn69) to Phe102(Phe94),
and Thr132(Thr124) to Phe139(Phe131) were excluded [the num-
bering in brackets corresponds to that in Px II (2VUP)] the RmsD
reduced to 1.0 Å, which revealed that the differences are located
in the area around the catalytic centre. Whereas in the C76S mu-
tant the long loop extending from Ser76(Cys68) to His116(His108)
keeps its extended conformation observed in the oxidized struc-
ture (2RM5, 3DWV [8]), it moves to a new position with the con-
comitant formation of a long a-helix from Glu87(Glu79) to
Lys97(Lys89) in WT Px II [9] (Fig. 1). Since a-helix 1 starts three
residues earlier in the WT enzyme, the loop Ser45(Ser37) to
Gly52(Gly44) also changes its position and places the peroxidaticed C76S Px III (2RM6) [8] highlighting details of the catalytic site. The side chains of
n138 in the WT/C76S protein, respectively, are depicted in colour. a-Helices are
seen on the right side of the WT structure.
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Asn138(Asn130) (Fig. 1A). In contrast, in the structure of the C76S
mutant, Cys47 remains adjacent to Cys95(Cys87) (Fig. 1B).
3.2. CD spectroscopy on WT and C76S Px III
Formation of an additional a-helix of 11 residues upon reduc-
tion increases the overall helicity of the protein from 31% to 38 %
(corresponding to 52 residues in the oxidized and 63 residues in
the reduced state; secondary structure content was calculated on
the basis of the pdb entries 3DWV, 2RM5, 2RM6, and 2VUP). As ex-
pected, UV CD spectroscopy reﬂected this change. The minimum at
222 nm became more pronounced, the position of the ﬁrst mini-
mum shifted to longer wavelengths and the positive band at
195 nm increased after addition of 1 mM DTT (Fig. 2A). However,
to our surprise, the proteins behaved differently. Whereas the CD
spectra of the oxidized proteins are similar (Fig. 2), the observed
alterations upon reduction were less pronounced in the case of
the C76S mutant (Fig. 2B). This can be interpreted in two ways:
either the additional a-helix Glu87 (Glu79) to Lys97 (Lys89) may
be shorter in the mutant or it may be only transiently formed.
We further noticed that the structural rearrangements upon addi-Fig. 2. CD spectra of (A) WT and (B) C76S Px III. The spectra acquired at different time
proteins (diamonds). Circles depict the spectrum obtained 5 min, open triangles (up) 16 m
and 32 min (C76S mutant) after adding the reducing agent.
Fig. 3. Tryptophan ﬂuorescence emission spectra of (A) WT protein and (B) C76S mutan
addition of 1 mM DTT are shown as squares (4 min), diamonds (15 min), triangles (24 m
H2O2 (stars).tion of DTT were a comparably slow process since it took more
than 30 min for both proteins, until no further spectral changes
were observed. Increasing the DTT concentration to 2 mM did
not induce further changes indicating that the protein was fully re-
duced under the experimental conditions.
We tried deconvolution of the spectra into the secondary struc-
ture elements using the DICHROWEB server to quantify the ob-
served changes [12], but this was not possible. Firstly, the
normalized RmsD (NRMSD) values were approximately twice as
high as recommended for an acceptable estimation. Secondly and
more importantly, the secondary structure calculations did not
correspond to the known 3D structures of Px II and Px III (a-helical
content was underestimated by 13–18% (oxidized) or 11–15% (re-
duced) and the b-sheet content was overestimated by 3–14% (oxi-
dized) and 8–14% (reduced) depending on the method employed.
3.3. Tryptophan ﬂuorescence
In both oxidized Px III species, the maximum of the tryptophan
emission lies around 350 nm, indicative of an exposed environ-
ment (Fig. 3). When 1 mM DTT was added, the maximum changed
only slightly to lower wavelengths, accompanied by a graduals after addition of 1 mM DTT are superimposed onto the spectrum of the oxidized
in, ﬁlled triangles (down) 30 min, and stars 54 min (WT) and 5 min, 14 min, 23 min
t. The oxidized form is denoted with circles. Spectra acquired at various times after
in), and crosses (36 min). Subsequently, the proteins were re-oxidized with 10 mM
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served changes were more prominent for the WT protein. Further-
more, the ﬁnal spectra were again achieved after more than
30 min. Previously [8] we had reported that the ﬂuorescence spec-
tra of the C76S mutant acquired after addition of DTT did not differ
from those of the oxidized protein. We do not have any explana-
tion for this contradictory ﬁnding but can only speculate that in
the former experiments the protein was not in a perfect stage be-
cause even the spectrum of the oxidized form is not identical with
those reproducibly obtained and presented here.
3.4. 1H15N-HSQC NMR spectroscopy of samples labeled speciﬁcally
with 15N-tryptophan
Superposition of the 1H15N-HSQC spectra of uniformly labelled
WT and C76S mutant revealed for the oxidized state over 20 reso-
nance shifts (Supplementary Fig. S1A) and even more for the re-Fig. 4. Superposition of the 1H15N-HSQC spectra of 15N-Trp selectively labeled WT (blac
cross peaks of Trp137 are labeled. The spectra of the C76S mutant are shown with a lowe
peaks is detectable. (C) and (D). Details of the 1H15N-HSQC spectra showing (C) the reg
uniformly 15N-labeled proteins. Black: WT oxidized, red: WT reduced, blue: C76S muta
Trp137 is missing in the structures of both oxidized and reduced C76S mutant. The He1duced state (Supplementary Fig. S1B). This was more than would
be expected for a simple point mutation and did not allow the di-
rect transfer of the chemical shift assignment of C76S mutant to
the WT. Thus, we restricted our analysis to the tryptophan reso-
nances. If the Trp137 environment differed in the C76S mutant
from that in the WT, this should result in discernible changes in
its resonances, since chemical shifts are sensitive reporters on
the local structure. Moreover, the tryptophan He1/Ne1 ring reso-
nance is easy to identify because it resonates in a distinct area of
the 1H15N-HSQC spectrum. Yet, to rule out that spectral overlap
would hamper the identiﬁcation of the tryptophan resonances
we generated protein samples speciﬁcally labelled with 15N-tryp-
tophan. In our previous studies on uniformly labelled protein sam-
ples, analysis of the tryptophan environment was complicated by
the fact that the tryptophan resonances were line-broadened, e.g.
the HN/N cross-peak was not detectable, the He1/Ne1 ring reso-
nance showed only up in the oxidized state, and the remaining ringk) and C76S Px III (red) in oxidized (A) and reduced (B) form. The HN/N and He1/Ne1
r signal-to-noise ratio to demonstrate that no residual intensity of the missing cross
ion of the indole resonance (He1/Ne1) and (D) HN/N resonance region of Trp137 in
nt oxidized, yellow: C76S mutant reduced. Please note that the HN/N resonance of
/Ne1 resonance is also line-broadened in the reduced form of C76S.
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weaker NOE cross-peak intensities than the resonances of the bulk
of the protein [8].
The spectrum of the oxidized 15N-Trp labeled C76S mutant
(Fig. 4A) showed only the He1/Ne1 cross peak of the aromatic indole
ring at 10.2/131 ppm, a peak for the HN/N of the main chain was
missing. Addition of 50 mM DTT caused also the He1/Ne1 peak to
vanish corroborating our previous results [8]. At a very high sig-
nal-to-noise ratio achieved through long acquisition times a resid-
ual intensity of this cross peak could still be detected (data not
shown). In contrast, the spectrum of oxidized WT Px III unexpect-
edly displayed both theoretical signals: one at 10.2/131 ppm for
Trp137 He1/Ne1 and a comparably weak second peak at 6.1/
112 ppm, which belonged to the main chain HN/N of Trp137. Upon
addition of DTT, both signals shifted (Fig. 4B) indicating that open-
ing of the disulﬁde bridge affects the environment of Trp137. In
Fig. 4 C and D the corresponding areas of the 1H15N-HSQC spectra
of uniformly 15N-labeled proteins are magniﬁed.
4. Discussion
The 3-dimensional structure of the reduced C76S mutant of T.
brucei Px III determined by NMR spectroscopy and the crystal
structure of reduced WT Px II differed signiﬁcantly [8,9]. This can-
not be attributed to differences in the primary structure, because,
apart from the most C-terminal ﬁve residues, both proteins show
only one further single exchange of a surface residue (Supplemen-
tary Fig. S2).
Since NMR spectroscopy determines the structure of the most
populated species, whereas X-ray selects for a conformation with
best crystal packing contacts and low mobility, there is the possi-
bility that the discrepancies reﬂect more than one conformation
of the reduced enzyme species. This interpretation is indeed cor-
roborated by the recent NMR analysis of reduced T. cruzi Px I that
also revealed signiﬁcant conformational exchanges [6]. Multiple
conformations within the same protein can also be detected by
crystallographic analysis [13]. In the case of CYPA, a peptidyl-prolyl
cis/trans isomerase, crystal structures obtained under cryogenic
conditions could not rationalize the available NMR data on the en-
zyme. Alber and coworkers now identiﬁed a functional minor con-
formation through room-temperature X-ray data collection that
matched the NMR data [13]. But the data presented here show that
there are genuine structural differences between the reduced
forms of WT and C76S Px III. Our CD results indicate that the gain
in a-helix content is higher upon reduction of the WT protein than
of the mutant. Likewise, the environment of Trp137 is differently
altered as demonstrated by tryptophan ﬂuorescence analysis and
especially by the qualitative 1H15N-HSQC analysis of 15N-Trp selec-
tively labelled proteins.
The highly conserved Cys76 is placed at the beginning of the
long loop Ser76–His116 [8], residues of which form the a-helix
in the reduced WT form. The stretch from residues 71–90 is
among the highest conserved parts of these peroxidases inde-
pendent of containing a peroxidatic selenocysteine or cysteine.
In the presently available 3D structures Cys76 is neither in close
vicinity to the other cysteines nor to the tryptophan. In the
homologous Chinese cabbage peroxidase, the cysteine equivalent
to Cys76 can form an intermediate disulﬁde bridge with the
resolving cysteine [4], whereas in T. brucei Px III [3] and the clo-
sely related Leishmania major enzyme [14] this disulﬁde has not
been observed. Furthermore, replacement of the residue only
partially [4,5,7] or not at all [3] affects the activity of the
peroxidases.
In the current view a network of hydrogen bonds formed be-
tween the sulfur of Cys47 and the nitrogens of Gln82 and Trp137helps to decrease the thiol pK-value of Cys47 rendering the residue
active for hydroperoxide reduction. Thus, one would expect the
C76S mutant to be severely impaired in its catalytic activity be-
cause the NMR structure of the reduced C76S mutant did not re-
veal the presence of this catalytic triad [8]. Yet, the protein has
identical or even slightly higher peroxidase activity than the WT
enzyme. In addition, the W137G mutant retains 13% of WT activity
[3]. Upon reaction of the reduced peroxidase with the hydroperox-
ide substrate the peroxidatic Cys47 is oxidized to a sulfenic acid
which is then attacked by the resolving Cys95 resulting in an intra-
molecular disulﬁde bridge. Starting with a reduced enzyme that
assumes the conformation observed in the crystal structure of
WT Px II [9], a-helix 87–97 has to unravel and the loops harbouring
the redox active cysteines must move by several Å. In contrast, no
large structural rearrangements would be necessary if the reduced
enzyme were in the conformation found in the solution structure
of C76S Px III [8]. Patel et al. [6] report that glycine mutants of
the redox active cysteines, which should mimick the reduced state
of the enzyme due to their inability to form the disulﬁde, also dis-
tinctly favour an oxidized-like conformation of the active site.
Maiorino and coworkers recently suggested to enlarge the
catalytic triad to a tetrad incorporating the asparagine following
the conserved tryptophan (Asn138 in Px III, Asn130 in Px II) as
the residue that is even more important than the tryptophan
(Trp137 in Px III, Trp129 in Px II) for the activation of the peroxida-
tive cysteine (Cys47 in Px III, Cys39 in Px II) [7]. The asparagine lies
in hydrogen bonding distance to Cys39 in the crystal structure of
reduced WT Px II (Asn130 Nd2–Cys39 Sc: 3.4 Å) [9]. Alternatively
the Asn may form hydrogen bonds with Asn40 and Cys74 (num-
bering of D. melanogaster Gpx, corresponding to Asn42 and Cys76
in Px III, Asn34 and Cys68 in Px II) [7].
Cys76 is conserved in the vast majority of the selenoproteins,
which do not form an intramolecular disulﬁde during catalysis.
This argues against a role in catalysis for Cys76. Our data indicate
that instead it inﬂuences the equilibrium between different confor-
mations. We have to await the outcome of future experiments to
better understand its function.
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